Following intranasal administration of oxytocin (OT), we measured, via functional MRI, changes in brain activity during judgments of socially (Eyes) and nonsocially (Vehicles) meaningful pictures in 17 children with high-functioning autism spectrum disorder (ASD). OT increased activity in the striatum, the middle frontal gyrus, the medial prefrontal cortex, the right orbitofrontal cortex, and the left superior temporal sulcus. In the striatum, nucleus accumbens, left posterior superior temporal sulcus, and left premotor cortex, OT increased activity during social judgments and decreased activity during nonsocial judgments. Changes in salivary OT concentrations from baseline to 30 min postadministration were positively associated with increased activity in the right amygdala and orbitofrontal cortex during social vs. nonsocial judgments. OT may thus selectively have an impact on salience and hedonic evaluations of socially meaningful stimuli in children with ASD, and thereby facilitate social attunement. These findings further the development of a neurophysiological systems-level understanding of mechanisms by which OT may enhance social functioning in children with ASD.
Following intranasal administration of oxytocin (OT), we measured, via functional MRI, changes in brain activity during judgments of socially (Eyes) and nonsocially (Vehicles) meaningful pictures in 17 children with high-functioning autism spectrum disorder (ASD). OT increased activity in the striatum, the middle frontal gyrus, the medial prefrontal cortex, the right orbitofrontal cortex, and the left superior temporal sulcus. In the striatum, nucleus accumbens, left posterior superior temporal sulcus, and left premotor cortex, OT increased activity during social judgments and decreased activity during nonsocial judgments. Changes in salivary OT concentrations from baseline to 30 min postadministration were positively associated with increased activity in the right amygdala and orbitofrontal cortex during social vs. nonsocial judgments. OT may thus selectively have an impact on salience and hedonic evaluations of socially meaningful stimuli in children with ASD, and thereby facilitate social attunement. These findings further the development of a neurophysiological systems-level understanding of mechanisms by which OT may enhance social functioning in children with ASD.
A utism spectrum disorder (ASD) is a common, early-onset neurodevelopmental disorder characterized by devastating difficulties in social interaction, communication, and repetitive or restricted interests and behaviors. ASD displays great phenotypic heterogeneity and etiological diversity, but its original characterization, social dysfunction, has been its hallmark and unifying feature (1) . There is no established pharmacological treatment for social impairment in ASD.
When given acutely, intranasal oxytocin (OT) leads to enhanced processing of social stimuli in typically developing adults, as evidenced by increased eye contact, in-group trust, and emotion recognition from facial expressions (2) (3) (4) . At the level of neural systems, intranasal OT heightens activity in a set of neuroanatomical structures involved in processing socially meaningful stimuli in typically developing adults (5, 6) . Recently, the first brain imaging study in adults with ASD examined the effects of OT administration and identified increased activation in the right amygdala during social information processing (7) .
Behavioral studies demonstrate that in children and adults with ASD, a single administration of intranasal OT leads to increased willingness to interact socially (8) , better comprehension of affective speech (9) , reduced repetitive behaviors (10) , increased understanding of others' mental states (11) , and improved social cognition (12) . Despite cautionary calls regarding the use of OT in children to treat ASD before understanding the neural mechanisms underlying OT's complex impact on behavior (13), there have been no studies on the effects of OT administration on brain activity in children. Furthermore, although there are several large-scale clinical trials currently underway (www. clinicaltrials.gov) to examine the effects of chronically administered OT in ASD, the empirical record shows that behavioral effects have been mixed at best (13) (14) (15) . For example, two recent studies of the effects of repeated daily administration for a period of weeks have resulted in only modest improvements in social behavior (14, 15) . The rapid movement from single administration studies in healthy adults and individuals with ASD to chronic administration to individuals with ASD has introduced a "translational hurdle" (13, 16) , one that we aimed to tackle by exploring the neural basis of OT's effects.
In a randomized, double-blind, cross-over functional MRI (fMRI) study, we sought to identify the impact of single intranasal administration of OT on brain activity in 17 children and adolescents (aged 8-16.5 y) with ASD. We studied children and adolescents because previous reports had not included children younger than 12 y of age (11) . We hypothesized that during a task involving social judgments, OT vs. Placebo would heighten brain activity in the neural circuits supporting reward [dorsal and ventral striatum and nucleus accumbens (NAcc)], as well as social attention and social cognition (e.g., posterior superior temporal cortex, cingulate, precuneus), that is, the "social brain" (17) .
Participants were randomized to OT and Placebo nasal sprays on two consecutive visits. Forty-five minutes following administration, brain function was assessed using the "Reading the Mind in the Eyes Test" (RMET) (18, 19) , a well-validated fMRI emotion judgment task. We selected this task because performance is reliably related to autistic traits (18, 20, 21) and behavioral performance is enhanced by intranasal OT in healthy adults, as well as individuals with ASD (11, 22) . We modified the original (gender attribution) control condition of the RMET to dissociate social and nonsocial processing, and thus to examine Significance This article presents our discovery that intranasal administration of oxytocin enhances activity in the brain for socially meaningful stimuli and attenuates its response to nonsocially meaningful stimuli in children with autism spectrum disorder (ASD) as measured via functional MRI. We also identified a relationship between changes in salivary oxytocin following administration and enhancements in brain function. These discoveries are particularly important given the urgent need for treatments that target the core social dysfunction in ASD. The functional neural attunement we demonstrated might facilitate social learning, thus potentially bringing about long-term change in neural systems and subsequent behavioral improvements. Our results illustrate the power of a translational neuroscience approach to facilitate the development of pharmacological interventions for neurodevelopmental disorders like ASD.
the specificity of OT effects on social processing. We asked participants either to label a mental state from pictures of the Eyes (social entities) or to label the category of automobile presented in pictures of Vehicles (nonsocial objects). Each participant practiced the tasks before the functional scan began to ensure that he or she understood and could readily perform the tasks. Within the scanner, the tasks lasted a total of 5.1 min and alternated between the social and nonsocial judgment task conditions. There were five 25-s blocks of each condition (total of 10 blocks). In each block, five different images of either Eyes or Vehicles appeared for 5 s each. Blocks were separated by 12-s rest periods (blank screen and central fixation cross). The order of the presentation of social and nonsocial blocks was quasirandomized: on the first visit, all participants started by labeling a social block, and on the second visit, all participants started by labeling a nonsocial block. Fig. S1 depicts the fMRI task design.
To understand how the coordination of peripheral and central OT function may have an impact on neural systems-level function (23), we measured reactivity in OT concentration in saliva from baseline to 30 min postadministration. Given recent discoveries regarding associations between peripheral levels of OT and social behavior (24) (25) (26) , we explored how changes in peripheral OT are associated with changes in brain activity.
Results
We first examined the contrast of the social (Eyes) vs. nonsocial (Vehicles) judgments across all sessions (OT or Placebo). As illustrated in Fig. 1 , in a whole-brain analysis, we identified multiple regions exhibiting significant (P < 0.05, corrected; K = 729 mm 3 ) activation in response to Eyes vs. Vehicles, including the right amygdala, bilateral superior frontal gyri, medial prefrontal cortices, superior temporal sulci, inferior frontal gyri, middle cingulate cortices, and precuneus. Notably, comparison of the OT (Fig. 1, Upper) and Placebo (Fig. 1 , Lower) reveals consistently greater Eyes > Vehicles activity (orange map in Fig. 1 ) in these brain regions for OT relative to Placebo (Fig. S2) .
We next examined the impact of OT (the main effect: OT > Placebo) regardless of task (Eyes and Vehicles). As illustrated in Fig. 2 , we identified increased activity in the ventral and dorsal striatum, including the NAcc, the medial prefrontal cortex, and the right orbitofrontal cortex, as well as the left posterior superior temporal sulcus.
Our core hypotheses centered on identifying effects of OT specific to social judgments vs. nonsocial judgments. Therefore, we identified regions exhibiting a predicted treatment (OT > Placebo) × task (Eyes > Vehicles) interaction such that activity was enhanced for OT relative to Placebo when children with ASD make social (emotional state) but not nonsocial (vehicle) judgments. As illustrated in Fig. 3 (Upper), we identified regions exhibiting significant treatment (OT > Placebo) × task (Eyes > Vehicles) interactions in the dorsal and ventral striatum, precuneus, posterior cingulate, left inferior parietal lobule, left posterior superior temporal sulcus, left parahippocampal gyrus, and right premotor cortex (Table 1) . Notably, as exemplified in Fig. 3 (Lower), in these regions, OT enhanced activity during social judgments while reducing activity during nonsocial judgments.
We assessed whether activity in the regions exhibiting a treatment (OT > Placebo) × task (Eyes > Vehicles) interaction varied as a function of ASD severity. We used a severity score from the Social Responsiveness Scale (SRS) (27) , a well-validated 65-item rating scale that measures the severity of autism spectrum symptoms as they occur in natural social settings, which was completed by the parents of each participant. We partitioned our sample into two groups according to a cutoff score of 76 [low severity (SRS t score <76) and high severity (SRS t score <76)] and conducted a series of one-way ANOVAs to compare the beta coefficients from the regions exhibiting a treatment (OT > Placebo) × task (Eyes > Vehicles) interaction for the following four conditions: OT-Eyes, OT-Vehicles, Placebo-Eyes, and Placebo-Vehicles. This analysis indicated that the effect of OT on brain activity differed as a function of severity, but only when subjects were making social judgments [F (1,16) = 6.45, P < 0.05]. When given OT, individuals with less social dysfunction exhibited higher beta coefficients while processing eyes [mean (M) = 0.08, SD = 0.12], indicative of more typical functioning, compared with more severely affected children and adolescents with ASD (M = 20.05, SD = 0.09).
Overall, behavioral accuracy and reaction times on the RMET did not differ for OT vs. Placebo visits (Fig. S3 ). This is consistent with the empirical record, which shows improvements only on some items from the RMET, according to difficulty level, but not overall (11, 22 (1, 15) = 2.31, P = 0.15], for all stimuli during their second visit compared with the first (regardless of treatment condition), indicating a practice effect. Fig. 4 depicts changes in salivary OT levels (baseline to 30 min postadministration) during OT (red line) or Placebo (blue line) visits. As expected, changes during Placebo days were essentially nonexistent. Conversely, when OT was administered, there was considerable variability in levels of peripheral OT concentration across participants. Fig. 5 presents the results of a random effects analysis of covariance in which we modeled the variability in changes in salivary OT to localize brain regions where levels of Eyes > Vehicles activity (on OT days) covaried with changes in salivary OT. A region of the right amygdala extending into Brodmann's area 25 (BA 25, a portion of the orbitofrontal cortex extending into the subgenual anterior cingulate) was positively correlated with increases in salivary OT levels. Peak coordinates for this regions were X = 6, Y = 8, Z = −17, r (13) at the peak voxel = 0.87, and P = 0.0003. Further, we calculated the correlation between changes in salivary OT from baseline to 30 min postadministration and the average beta coefficients from the amygdala and BA 25 regions separately for the Eyes and Vehicles conditions (Fig. S4) . This analysis revealed a significant positive correlation (r = 0.75, P = 0.01) for the Eyes condition and a trend-level negative correlation (r = 0.46, P = 0.08) for the Vehicles condition.
Discussion
Our results help to elucidate the brain systems-level mechanisms by which administration of intranasal OT may serve to enhance brain activity during social information processing, and thus play a role in the treatment of social dysfunction in children with ASD. A single administration of OT enhanced activity in key nodes of some of the neural circuits that have been repeatedly implicated in the neural phenotype of ASD. Some of the enhancements were identified specifically in response to social cues rather than nonsocial cues. These neural systems-level findings indicate that OT enhances activity in key nodes of the neural circuits that have been previously implicated in reward (dorsal and ventral striatum, including the NAcc) (29, 30) ; social attention, perception, and cognition (premotor cortex, posterior cingulate, inferior parietal lobule, and posterior superior temporal sulcus) (31, 32) ; and detecting, decoding, and reasoning about mental states (medial prefrontal cortex) (33, 34) . Moreover, each of the regions of heightened activation has been consistently identified as abnormal (generally hypoactive) in children, adolescents, and adults with ASD (28) . We speculate that these results may imply that OT makes social stimuli more rewarding and socially salient to children with ASD. Our findings are remarkably consistent with nonhuman animal and human studies that have demonstrated influences on social reward, social attention, and salience following changes to oxytocinergic neuropathways (35) (36) (37) (38) (39) (40) .
In addition to enhanced activity in social brain regions during social judgments, the treatment × task interaction analysis identified several brain regions in which there was decreased activity during nonsocial judgments. This pattern of effects reveals a unique process underlying the effects of OT on brain activity: a process of attunement, in which activity in brain regions that have developed (or normally develop) to be specialized for processing the social world is enhanced for social stimuli and decreased for nonsocial stimuli. This unique mechanism can be added to other, previously described, mechanisms by which OT has an impact on the brain (5), namely, the increase of saliency of social stimuli (valenceindependent) and the enhancement of the rewarding value of social stimuli (for social stimuli with positive valence). Our findings may be consistent with the recent discovery that OT administration can increase the activity of fast-spiking interneuron activity in the rodent hippocampus. This suppresses spontaneous pyramidal cell firing while simultaneously enhancing the fidelity of spike transmission, and it also sharpens spike timing (41) . These two processes, one increasing activity and the other decreasing activity, effectively boost "signal-to-noise" in favor of certain stimuli and thereby serve to tune brain responses to that class of stimuli. In ASD, OT may serve to enhance responses to social stimuli in regions that should normally "prefer" socially meaningful stimuli but may also help to normalize category selectivity by suppressing the response to "nonpreferred" stimuli.
Intranasal OT can increase central (40) or peripheral (42) OT concentrations or both (43) . The route by which intranasal administration induces its central effects is still unclear, but OT receptors are widely distributed throughout the brain (44) (45) (46) . If OT inhalation induces OT production or activity, the effects can be extensive because OT, in its role as a neuromodulator, can quickly and broadly reach multiple brain regions and interact with multiple brain systems (47) . OT is mainly produced in two hypothalamic regions: the supraoptic nuclei and paraventricular nuclei. OT fibers are present in the NAcc and the amygdala (48), both of which were found to be more active following OT administration. OT release is not limited to the synaptic cleft; hypothalamic neurons can also release OT from their entire surface area (49, 50) , and OT can thus diffuse through the extracellular space and further affect a variety of brain regions. Beyond direct projections, hypothalamic neurons form collateral projections from magnocellular neurons projecting to the posterior pituitary, thus providing a potential mechanism by which OT's release to brain and body may be coordinated (51) .
The correlation between peripheral changes in OT concentrations and Eyes > Vehicles brain activity in the right amygdala, orbitofrontal cortex, and subgenual anterior cingulate represents an important clue to help understand the coordination of peripheral and central OT. A recent review pointed to the amygdala as one of the brain regions most consistently affected by the administration of OT (5). One fMRI study has used intranasal OT administration in adults with ASD, highlighting the right amygdala as a target of OT's effects (7) . In animals, intranasal OT can excite neuronal populations in the amygdala (52), with different amygdala subregions mediating the variable impacts of OT on attention to affective social stimuli (53) . In mothers who are synchronous while interacting with their infant (thus providing a rewarding parental context), activation in the right amygdala (when viewing one's own infant vs. another person's infant) is positively correlated with levels of plasma OT (54) . Notably, the portion of the orbitofrontal cortex (BA 25) identified here has been implicated as a node in a socioemotional network that modulates affective evaluations and exhibits increased functional connectivity due to OT administration in typically developing adults (55) (56) (57) . The association between salivary changes in OT and activation of the right amygdala and BA 25 may provide future studies with an independent peripheral biomarker with which to explore OT's impact on neural response in ASD.
Given the universality of social deficits in the autistic phenotype, dysfunction in brain systems subserving social information processing has been a key focus in research on ASD. Our theoretical framework posits that (i) specific brain systems evolved to process information pertaining to humans and (ii) autistic dysfunction originates in these brain systems, exerting cascading, peripheral impacts throughout development. The "social motivation" hypothesis (Fig. S5 ) builds upon this framework and suggests that reduced social drive/motivation leads to inattention to key aspects of social information and consequent failure of developmental specialization in experience-expectant brain systems, such as the face and action perception systems (58, 59) . Diminished social motivation in ASD might stem from deficits in forming representations of and categorizing the reward value of social information. Individuals with ASD show less activation in reward circuits when viewing social rewards (i.e., smiling faces) than controls (60) (61) (62) . OT may well target social motivation directly, addressing the theoretical crux of social dysfunction in ASD. Our results indicate enhanced activity during social information processing, but not during nonsocial judgments, in the neural circuitry believed to support social motivation. Following the developmental predictions of the social motivation model, we observed enhanced cortical specialization for the perception of social information and decreased activity during the perception of nonsocial information, hypothesized downstream effects of changes in social motivation elicited via OT.
The fMRI results combined with the behavioral findings from this study and others highlight several important translational implications. First, the lack of behavioral improvements raises the possibility that OT may enhance and tune social brain function even in the absence of immediate changes in social behavior. Behavioral improvements may require richer, more realistic social contexts that include opportunities for social learning (4). For example, only modest improvements in social functioning were observed in adults with ASD who were treated daily, for 6 wk, with administration of intranasal OT (14) . Similarly, no changes in social behavior were found when OT was given once every morning for 5 d to children with ASD, even in a context of behavioral treatment (15) . It may very well be crucial for future utilization in ASD to give OT just before the setting where its impact is being tested and built upon. This emphasizes the potential for treatment approaches that use OT to enhance salience within social contexts and thereby enhance social learning. We predict that the most successful therapeutic applications of OT will be those giving the compound before evidence-based behavioral treatments that provide opportunities for feedback and learning in supportive social contexts.
Materials and Methods
Participants. The Yale University Human Investigations Committee approved this study. Each participant's parent(s) provided informed consent. Each child or adolescent provided verbal or written assent. Participants were recruited through the Yale Center for Translational Developmental Neuroscience. Overall, 21 children and adolescents with ASD (age range: 8-16.5 y, M = 13.2 y, SD = 2.7 y) participated in the study. ASD diagnoses were made via the autism diagnostic observation schedule (63) , the autism diagnostic interview-revised (64) , and expert clinical evaluation. Our sample included three girls and 18 boys. Sixteen participants were Caucasian, 2 were African-American, and 2 were of mixed ethnicity. One participant was left-handed, 1 was Table 1 Reactive OT levels were significantly higher when active OT was administered compared to baseline salivary levels and to reactive levels on placebo visits. ***p < .0001. ambidextrous, and 19 were right-handed. The study consisted of two visits separated by at least 72 h to allow possible treatment effects of the first visit to wane completely. Otherwise, the second visit was scheduled according to participants' availability. Visits were separated by an average of 21 d from each other (range: 3-78 d). One boy did not arrive for both visits due to major changes of health status. He was thus excluded from the study. Another participant could not perform the task because he did not understand it, and he was dropped from subsequent analysis.
Drug Protocol. OT, 60 international units (IU)/mL, was prepared by the research pharmacy at Yale New Haven Hospital using OT, United States Pharmacopeia (Medisca). Placebo and OT spray containers were prepared to look identical and were counterbalanced to be randomly assigned by the pharmacy as well. Researchers, as well as participants, were blinded to the content of the spray. Doses were prescribed according to participant age. Older participants (aged 16-19 y) received a dose of 24 IU (four puffs per nostril), in accordance with most studies of intranasal OT in adults (22, 65) . We used age-dependent dosing (as suggested by the scant OT inhalation studies in children (11, 15, 66) , with age as a proxy for size/weight. Twelveto 15-y-olds received 75% of the adult dose (24 IU) or 18 IU (three puffs per nostril). The youngest age group (aged 7-11 y) received 50% of the typical adult dose (12 IU or one puff per nostril). Motion Correction. For each participant's functional run, any volume that exceeded 3 mm or 3°of motion relative to the first undiscarded volume was excised. Volume-wise weight was derived from condition-specific predictor values for the general linear model (GLM; described below) for that volume. For instance, a volume whose condition predictor was 0.5 would have twice the weight in determining condition proportion as a volume whose predictor value was 0.25. Two participant's datasets were discarded from further analysis because they had not retained, proportionally, more than 0.75 of total volumes and 0.75 of weighted volumes per condition.
Of the 34 runs (17 participants × two visits) that were subjected to data scrubbing, only four had volumes removed. Following motion correction and data scrubbing, we performed paired-sample t tests to compare subject movement for the OT vs. fMRI Analyses. Data were processed and analyzed using BrainVoyager QX 2.0.08 software (Brain Innovation). Preprocessing of functional data included sinc interpolation slice-time-correction, trilinear-sinc interpolation 3D rigidbody motion correction, spatial smoothing with an FWHM 4-mm Gaussian kernel, linear trend removal, and temporal high-pass filtering (GLM with Fourier basis set, using two cycles per time course). Functional datasets were coregistered to within-session anatomical images, which were normalized to Talairach space. For each participant, we assessed estimated motion plots and cine-loops to visualize and inspect the entire dataset for motion and other potential artifacts.
GLM-based analyses were conducted for each participant to assess taskrelated BOLD responses. To create predictors for Eyes and Vehicles conditions, a boxcar function with a value of 1 during the condition and 0 otherwise was convolved with a double-gamma hemodynamic response function. Predictors depicting motion in all six parameters were included as predictors of no interest. Fixations were not modeled.
All group-level analyses were limited to only voxels within the extent of the Montreal Neurological Institute brain normalized to Talairach space. We added a white matter and ventricles mask that was calculated based on the current sample. An anatomical mask was created by computing the average normalized anatomical image of experiment participants. High-and lowintensity voxels, corresponding, respectively, to conservative estimates of white matter and ventricles/cerebral spinal fluid, were identified and removed from the group analysis. Voxels outside the brain were also removed. The anatomical mask consisted of 1,321,308 structural (1-mm 3 ) voxels.
Whole-brain analyses were conducted using random effects GLM-based analyses. Analyses were assessed at an uncorrected threshold of P < 0.05 and were then corrected for multiple comparisons using cluster thresholds determined by the Brain Voyager QX Cluster-Level Statistical Threshold Estimator plug-in (67, 68) . After 5,000 iterations of a Monte Carlo simulation, the cluster size corresponding to a whole-brain-corrected threshold of α < 0.05 was determined as 27 voxels (729 mm 3 ) , and this cluster size was used to correct for multiple comparisons in the fMRI analyses.
Collection of Saliva Samples. Saliva samples were collected using Salivettes (Sarstedt) twice during each visit. The first sample was taken as a baseline immediately after consent and before OT or Placebo administration. The second sample was taken 30 min following OT or Placebo administration, before participants were taken for the fMRI scan. Participants were asked to chew a roll of cotton for 1 min until it was saturated with saliva. Salivettes were kept ice-chilled for up to 2 h before being stored at −20°C. Salivettes were then shipped overnight via Federal Express on dry ice to the laboratory of Ruth Feldman at the Bar-Ilan Gonda Brain Research Center, where they were concentrated three or four times. Liquid samples were lyophilized overnight and kept at −20°C until assayed. The dry samples were reconstructed in the assay buffer immediately before analysis by an OT enzyme immunoassay commercial kit, consistent with previous research.
Determination of Salivary OT. Determination of OT was performed using a commercial OT ELISA kit (Assay Design) consistent with previous research (24, 69) . Measurements were performed in duplicate, and the concentrations of samples were calculated using MATLAB 7 (MathWorks) according to relevant standard curves. The intraassay and interassay coefficient are 12.4% and 14.5%, respectively.
